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potentialAbstract Gold nanorods have received immense importance due to their potential for strong opti-
cal absorption in the visible and near infrared regions. A new approach was employed to develop a
stable probe based on an anionic polyelectrolyte, poly(sodium-4-styrenesulfonate) PSS, a novel,
non-cytotoxic antimicrobial contraceptive agent, functionalized gold nanorods, followed by the
attachment of an anti-cancer drug, doxorubicin. Doxorubicin has proved to be one of the potent
anticancer drugs, establishing wide applicability in various cancer therapies. Gold nanorods have
been renowned for their possible application in hyperthermia of the cancer cells. In this connection,
doxorubicin functionalized gold nanorods have been prepared and characterized utilizing ultravio-
let–visible–near infrared (UV–Vis–NIR) spectroscopy, transmission electron microscopy (TEM)
and zeta potential measurements.
ª 2014 King Saud University. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
Nanotechnology has emerged as an important ﬁeld linking
physical sciences with biological sciences and has helped in
the management and understanding of biological process.
Via chemical methods nanobiotechnology geared toward
understanding biological systems, disease diagnosis, and treat-
ment (Liu et al., 2009). Gold nanorods (Au NRs) have
attracted substantial reﬂection due to their unique shape andsize. One of the most well-known and commonly utilized prop-
erties of Au NRs is their unique optical absorbance in the vis-
ible and near infrared regions (Link et al., 2005). Applications
of Au NRs in different areas of science especially in the ﬁeld of
biomedicine are objects of great interest (Razzacki and Thwar,
2004; Alexis et al., 2004; Freitas, 2005). These structures act as
potential carriers for several classes of drugs, such as antican-
cer agents, antihypertensive agents, immune-modulators and
hormones (Bala et al., 2004).
In a perfect drug delivery system, the drug is delivered with
selective and imbalanced approach that not only improves the
efﬁcacy of the drug, but also minimizes systemic toxicity to
improve a patient’s quality of a life (Lu et al., 2012). Special
characteristics of Au NRs, like rich surface chemistry, surface
plasmon resonance (SPR) and extremely high drug cargo capa-
bility, are expected to make them attractive as vehicles for drug
delivery (Yonezawa and Kunitake, 1999).an Jour-
2 A.Z. Mirza, H. ShamshadSurface functionalization of AuNRs with organic molecules
that can speciﬁcally interact with any physiological system is
important (Woehrle et al., 2005; Liu et al., 2007) making them
promising candidates for drug delivery as biomarkers of drug
resistant cancer cells (Hwu et al., 2009). Doxorubicin (Structure
1), a cytotoxic drug, has broad antitumor activity, and is widely
used in the treatment of many malignant diseases; also interca-
lates DNA (Eliasson et al., 2001). The drug exerts its antitumor
effect through interaction with the DNA replicative system in
the cell nucleus and its activity is highly dependent upon intra-
cellular levels (Eliasson et al., 2001; Aryal et al., 2009). Doxoru-
bicin conjugated gold nanoparticles (Au NPs) have the
potential to simultaneously enhance CT imaging contrast and
facilitate photothermal cancer therapy (Aryal et al., 2009)
and revealed greater cytotoxic effects on human glioma cell
lines LN-18 and LN-229 (Dhar et al., 2008).
Fabrication of Au NRs is easy but functionalization of Au
NRs prepared in highly concentrated surfactant solutions
remains a challenge. Au NRs are stabilized by CTAB bilayers
but it also known that CTAB is toxic (Yu and Irudayaraj,
2007; Wang and Irudayaraj, 2008). There are two possibilities
to enhance the versatility of the Au NRs; to replace the CTAB
coating or to overcoat on top of the existing coating. For dif-
ferent applications, it would be desirable to modify the entire
Au NR surface. CTAB bilayer on the Au NRs surface imparts
a net positive charge (Gole and Murphy, 2005) and this posi-
tive charge facilitates electrostatic adsorption of an anionic
polyelectrolyte, poly(sodium-4-styrenesulfonate), PSS. Gener-
ally, PSS are used to coat CTAB-stabilized Au NRs, to
increase their dispersion stability in solutions at physiologi-
cally relevant pH and ionic strength, as well as to counteract
dilution effect (Gole and Murphy, 2005, 2008). PSS coated
Au NRs can be conjugated with antibodies without any aggre-
gation and are expected to be biocompatible (Caruso et al.,
1997). PSS converts the surface charge of the GNRs from posi-
tive to negative (Garg et al., 2005). The positively charged
doxorubicin could bind with these negative nanorods. The
electrostatic or hydrogen bond linking of the drug molecule
may be a sufﬁcient approach than covalent linkages (Gibson
et al., 2007) and could be helpful in drug release applications.Structure 1 Doxorubicin.
Please cite this article in press as: Mirza, A.Z., Shamshad, H. Fabrication and charact
nal of Chemistry (2014), http://dx.doi.org/10.1016/j.arabjc.2014.08.009In the present study, doxorubicin conjugated Au NRs were
fabricated and characterized. A substantial amount of work
has been performed on drug nanoparticle interactions
(Gibson et al., 2007; Tom et al., 2004). We have also worked
on the functionalization of doxorubicin with AuNPs (Mirza
and Shamshad, 2011). In one of the papers doxorubicin com-
plex with Au NRs has been reported in which they have con-
jugated it with thiolated poly (ethylene glycol) (SH-PEG) and
polyacrylic acid (PAA) molecules (Wang et al., 2011). The
work presented here is the ﬁrst report in which doxorubicin
is used as the capping agent for Au NRs. These Au NRs have
been characterized by UV–Vis–NIR spectroscopy, TEM anal-
ysis and zeta potential measurements. The synthetic strategy
used in this investigation is shown in Scheme 1.
2. Material and equipment
Tetrachloroauric acid (HAuCl4), PSS and all other chemicals
were purchased from Sigma (Milwaukee, WI, USA), doxorubi-
cin hydrochloride was purchased from Tecoland Corporation,
USA. Ultra-pure water (>17 MO cm) was used throughout
the experiments. Absorption spectra were measured with a Jas-
co V570 UV–visible–NIR spectrophotometer (Jasco, Inc., Eas-
ton, MD). Transmission electron microscopy (TEM) was done
using a Philips CM-100 TEM (Philips, Eindhoven, Nether-
lands). Particle size distribution and surface area were calcu-
lated from TEM images of 100 particles. Zeta potential was
determined using a Brookhaven Zeta Potential Analyzer
(Brookhaven Instrument Corp., Holtsville, NY).
3. Experimental
3.1. Synthesis of CTAB-stabilized Au NRs
Au NRs were synthesized using the seed-mediated growth
method (Nikoobakht and El-Sayed, 2003) as also reported in
our previous work (Mirza and Shamshad, 2013). In brief, the
seed solution was prepared by mixing CTAB (0.2 M, 5 mL)
and HAuCl4 (0.5 mM, 5 mL) with freshly prepared 10 mM,
0.6 mL of ice-cold NaBH4. After 3 h, this seed solution was
used for the synthesis of Au NRs. 20.0 mL of 0.2 M CTAB
was mixed with 400 lL of 10 mM silver nitrate and 20.0 mL
of 1 mM HAuCl4. 220 lL of 0.10 M ascorbic acid and 48 lL
of the seed solution were added for initiating growth of Au
NRs of aspect ratio  4. Excess of CTAB was removed by cen-
trifuging at 8000 rpm and re-dispersed in pure water. Again the
reported method was utilized for PSS coating on Au NRs (He
et al., 2008). Brieﬂy, Au NRs were treated with 1 mL of 1 mM
NaCl and 200 lL of PSS stock solution (10 mg/mL). After 30-
min adsorption time, the excess polymer in the supernatant
fraction was removed by centrifugation (8000 rpm). The PSS-
stabilized Au NRs were re-suspended in deionized water.
3.2. Doxorubicin loading onto Au NRs
50 lL of a phosphate-buffered solution (PBS) containing
doxorubicin (1 mg/mL) was added to 5 mL of PSS-stabilized
Au NRs. The solution was then incubated at room tempera-
ture. Excess doxorubicin in the supernatant fraction was
removed by centrifugation twice and was re-dispersed in
1 mL deionized water.erization of doxorubicin functionalized PSS coated gold nanorod. Arabian Jour-
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Figure 1 Representative UV–Vis–NIR spectra of CTAB-Au
NRs (brown), PSS–Au NRs (red) and Dox–PSS–Au NRs
(blue).
Figure 2 TEM image of Au NRs.
Doxorubicin functionalized PSS coated gold nanorod 34. Discussion
Au NRs are used for optical sensing because of their distinct
absorbance and spectral shift (Link et al., 2005). Corresponding
to light absorption and scattering along short and long axis,
they give two absorption peaks, transverse (520 nm) and longi-
tudinal mode (usually 600 nm) Hornyak et al., 1997; Mirza and
Siddiqui, 2014. Formation of Dox–PSS–Au NRs bond can bePlease cite this article in press as: Mirza, A.Z., Shamshad, H. Fabrication and charact
nal of Chemistry (2014), http://dx.doi.org/10.1016/j.arabjc.2014.08.009demonstrated by theUV–Vis–NIR absorption spectra. It shows
a shift of surface plasmon resonance bands in intensity and
wavelength. According to the UV–Vis–NIR spectra (Fig. 1),
the as-synthesized Au NRs have transverse extinction peak at
around 520 nmwhile the longitudinal extinction peak at around
714 nm. After PSS coating, the absorption peak of Au NRs has
a 3-nm red-shift of the longitudinal SPR band (717 nm). After
loading of doxorubicin, the absorption peak of Au NRs has
another shift of the transverse and longitudinal SPR band
(523 and 727 nm). The shifts of the plasmon absorption band
of the Au NRs in the UV–Vis–NIR absorption spectra provide
direct evidence for the occurrence of the assembly of Au NRs
and doxorubicin.erization of doxorubicin functionalized PSS coated gold nanorod. Arabian Jour-
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Figure 4 Zeta potential of CTAB–Au NRs, PSS–Au NRs and Dox–PSS–Au NRs.
4 A.Z. Mirza, H. ShamshadFig. 2 shows the TEM picture of our synthesized Au NRs.
As we can see, Au NRs were of rod shapes and their sizes were
mono-distributed. The yield efﬁciency of Au NRs was very
high, and almost no particles with other shapes could be
observed. Particle sizes of gold nanorods in the TEM images
were measured and distributions were plotted (Fig. 3). The sur-
face area of the gold nanorods was calculated on the assump-
tion that the nanorod with an aspect ratio  4 was a cylinder
with a hemisphere domain at both ends which was found to
be 6.5 · 102 nm2.
The surface charge properties of CTAB–Au NRs, PSS–Au
NRs and Dox–PSS–Au NRs were characterized through zeta
potential measurements. As shown in Fig. 4, CTAB–Au
NRs, PSS–Au NRs and Dox–PSS–Au NRs carried positive
charge (+29.2 mV), negative charge (39.8 mV) and positive
charge (+43.2 mV), respectively. It is reported that, due to
the electrostatic interaction, the positive charges on PSS-Au
NRs surfaces could make them to be freely occupied by cells
(Chen et al., 2010).
These results are promising and warrant further investiga-
tion to reveal the in vivo cytotoxic capacity of Dox-loaded
Au NRs in cancer therapy. Our data indicate that the assembly
of Au NRs can be induced by PSS through the electrostatic
interactions between the cationic drug and anionic polyelectro-
lyte, PSS. This afﬁnity of Au NRs toward doxorubicin, as well
as toward other chemicals, can lead to the development of newPlease cite this article in press as: Mirza, A.Z., Shamshad, H. Fabrication and charact
nal of Chemistry (2014), http://dx.doi.org/10.1016/j.arabjc.2014.08.009detection methods for analytical purposes, medical diagnostics
and to potential controlled drug delivery applications. In addi-
tion, Dox–PSS–Au NRs can be used to target tumor cells and
Au NRs are considered as hyperthermia agents for photo kill-
ing cancer cells (Wang et al., 2011). Now dual therapy can be
utilized from our synthesized Dox–PSS–Au NRs.
5. Conclusion
We have demonstrated the successful loading of Dox onto Au
NRs. These positively charged Au NRs, stable in bio-
environments, were developed through simplistic method. In
conclusion, we have reported a novel method for the synthesis
of Au NRs, to work as carriers for the delivery of doxorubicin
hydrochloride. These functionalized Au NRs could be used as
a ﬂuorescent imaging agent and for drug delivery to the cancer
cells.
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